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Nuclear Magnetic Resonance (NMR) is a technique used to manipu-
late the nuclear moments in a sample. By manipulating the nuclear moments
in specific ways and monitoring their evolution, we can extract useful infor-
mation from the system like the relaxation times, T 1, T 2, and T 2*. In the
familiar technique, Nuclear Magnetic Resonance Imaging (MRI), the result of
measuring the evolution of the nuclear moments of the system is an image.
When considering a macroscopic object like a part of the human body,
the resolution from an MRI image, which uses conventional NMR, can be
considered “good”. Large sample, for example brain MRIs have resolution of
only a little less than a millimeter. Currently, the highest resolution of an MRI
image is approximately a few microns for a liquid at room temperature and 50
µm for a solid at room temperature [1]. The limiting factor in this resolution
is the method for collecting data. Recall that an MRI image is created by
measuring the evolution of the nuclear moments by conventional NMR. Data
in conventional NMR is collected inductively by a coil.
In order to increase the resolution one must collect data by a method
different from that of an inductive coil. The best alternative method for col-
1
lecting data has been found by using Magnetic Resonance Force Microscopy
(MRFM).
Magnetic Resonance Force Microscopy (MRFM) was originally pro-
posed in 1991 by Sidles [2] as a way to obtain high resolution three dimensional
images of individual biological molecules. MRFM has since been modified and
improved, but the principle remains the same. The way it works is that the
force created by an oscillating magnetization can be detected by coupling it to
a mechanical micro-oscillator through a field gradient. This has been demon-
strated by the detection of a force as small as 10−21 N [3].
Nuclear magnetic resonance force microscopy (NMRFM) is the type
of MRFM that uses nuclear signals to conduct three dimensional scanning.
Imaging using this technique has resulted in the detection of a force of 10−17 N
[4] with a spatial resolution of approximately 4 nm [4]. This spatial resolution
is approximately 109 times better in volume than that currently obtained in
MRI using conventional NMR inductive techniques.
Another coveted detection milestone is the direct detection of a single
nuclear spin. Currently NMRFM is the only feasible technique that could
accomplish this. But, in order to detect a single nuclear spin, it may be
necessary to detect a force as small as 10−24 N [3], 1000 times smaller than
the smallest force yet detected by an MRFM technique.
In this dissertation I will describe a room-temperature NMRFM exper-
iment to analyze ammonium hexafluorophosphate and the development and
2
characterization of a new dynamical room-temperature NMRFM microscope.
In Chapter 2 I review the theory of NMR. In Chapter 3, I discuss
NMRFM experimental details. Chapter 4 describes the experimental results
of an NMRFM experiment. Chapter 5 explains the new room-temperature
NMRFM probe that I have put together. Chapter 6 discusses a technique that
we use to deposit magnetic material on cantilevers, and Chapter 7 summarizes




2.1 Nuclear Magnetic Resonance (NMR)
2.1.1 Nuclear Magnetic Resonance Absorption
Consider a nucleus with a magnetic moment, ~m = γ~L, where γ is the
gyromagnetic ratio specific to the nuclear species. When this moment is placed
in an external magnetic field, ~B, it experiences a torque, ~τ = d~L/dt [5].
d~L
dt
= ~m× ~B (2.1)
The magnetic energy associated with a moment in an external magnetic
field is given by [6] [7] [8]:
U = − ~m · ~B = − γ~L · ~B (2.2)
If ~B = B0ẑ, then
U = −mzB0 = −γ~B0lz, (2.3)
Where the values of lz are ml = −l,−l + 1, ...,+l, so U = −γ~B0ml.
For example, if a nucleus has l = 1
2
, then ml = ±12 , and there are two energy
states,
4
Figure 2.1: This energy, E, vs. magnetic field, B, plot depicts the Zeeman split-











Please note that the total energy, Utotal of the atom in question is
actually the sum of the energy when there is no external field applied plus the
energy due to the external field, Utotal = Unofield + U . The zero-field energy has
a 2l + 1 degeneracy which is removed when an external field is applied. This
is called the Zeeman effect. Figure 2.1 describes the energy of the hydrogen
atom in the ground state as an external field is applied, the Zeeman effect.
Hydrogen has an l = 1
2
nuclear spin. Figure 2.2 shows a more general picture
of the energy level splitting for a given spin 1
2
nucleus when a field, B0 is a




Figure 2.2: The energy when there is no external field and the splitting of the
energy when an external field B0 is applied.
given by:
∆E = γB0~ ≡ ~ω0, (2.5)
and so,
ω0 = γB0. (2.6)
This is the condition for nuclear magnetic resonance absorption and the foun-
dation for nuclear magnetic resonance. A periodic table that lists the gyro-
magnetic ratio of each nuclear species is shown in Appendix A.
2.1.2 Curie’s Law
The population of the energy levels of an ensemble of nuclei in thermal








where N is the number of particles, Ej is the energy of the j
th state, kB is the
Boltzmann constant, T is the absolute temperature and gj is the degeneracy
of the jth state [9]. The population ratio between two states, i and j, is given
by the Boltzmann ratio [10],
Bij = e
(Ei−Ej)/kBT . (2.8)
When discussing nuclear magnetic resonance, one should keep in mind that the
signal being detected is very small. This is because at room temperature, the
population difference is quite tiny. For example, consider a proton rich sample
immersed in a 10 T field at 293 K, Bij = e
1.1×10−5 = 1. So the population ratio
is nearly unity; up and down states are nearly equally populated. Of course,
a small number of spins implies a small signal to detect.
The signal that we measure when discussing NMR is the net magneti-
zation of many atomic nuclei. The expression for the net magnetization of the
sample can be calculated from Boltzmann statistics and the quantum theory
of paramagnetism. In effect, the total magnetization is just the number of nu-
clei pointing along the externally applied field, Bij , times the magnetization of
each, mz = γ~lz. However, one must recall that in a magnetic field a nucleus
with angular momentum l has 2l+ 1 equally spaced energy levels which must
be considered in the expression for the magnetization. By doing so, we now







M ≡ χ0B0. (2.10)







where C is known as the Curie constant and Equation 2.11 is called Curie’s
Law. Curie’s Law is valid in the high temperature limit when T >> γ~B0
kB
.
2.2 Time Evolution of Magnetization
2.2.1 Magnetization Equation of Motion
Recall that when a moment is placed in an external magnetic field, ~B,
it experiences a torque, ~τ = d
~L
dt
= ~m× ~B. To obtain the equation of motion of






= γ ~m× ~B (2.12)
This equation has the familiar form found in classical mechanics for a spinning
top that precesses about its axis [6]. By analogy, we expect for our moment
to precess about its axis.
In general one studies an ensemble of nuclei so we let ~M be the vector




= γ ~M × ~B (2.13)
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If ~B = B0ẑ, then the precession will be about the ẑ axis. I will define
the vector
~B0 = B0ẑ. (2.14)
The precession frequency is given by Equation 2.6, where
ωLarmor ≡ ω0 = γB0. (2.15)
Figure 2.3: The net moment is the sum
of all of the individual precessing mo-
ments points along z.
To manipulate the magnetiza-
tion, one can apply a sinusoidal mag-
netic field, ~B1, in the plane perpen-
dicular to ~B0. ~B1 should oscillate at
a radio frequency (rf) near the Lar-
mor frequency and have the following
form:
~B1 = B1[cos(ωrf t)x̂− sin(ωrf t)ŷ].
(2.16)
We can now include both ~B0
and ~B1 in the equation of motion.
To simplify the expression, we change
to a rotating coordinate system with
new axes, x′, y′, z, that rotates at the
same radio frequency as ~B1[12].
9
Figure 2.4: B1 points along x
′.




= γ ~M × [ ~B0 + ~B1] + ~ωrf × ~M.
(2.17)
This can be rewritten such that:
d ~M
dt




By rearranging into this form
and expressing the second half of the
equation as an effective field, ~Beff ,
where
~Beff = B1x̂′ + (B0 − ωrf/γ)ẑ, (2.19)
the equation of motion, Equation 2.18, becomes similar in form to the familiar
Equation 2.13.
Now, if the resonant frequency is satisfied by setting ωrf = ω0 = γB0,
then the effective field becomes ~Beff = B1x̂′. This makes our equation of
motion take the form:
d ~M
dt
= γ ~M × B1x̂′. (2.20)
This now implies that the magnetization precesses about the x′ - axis,
and that the magnetization direction changes with length and strength of the
10
radio frequency, B1x̂′, pulse. The angle, θ, that ~M tilts from the ẑ direction
can be found by integrating Equation 2.6 to get:
θ = γB1tp. (2.21)
Where tp is the duration of the radio frequency pulse, B1x̂′, and B1 is its
magnitude.
Figure 2.5: The angle by which the moment is tilted around x′ depends on the
length of time that B1 is applied along the x
′ direction.
2.2.2 The Bloch Equations
Recall the equation of motion of the magnetization given by Equation
2.13. Where, in general,
~B = ~B0 + ~B1 = B1[cos(ωrf t)x̂− sin(ωrf t)ŷ] +B0ẑ. (2.22)
11



















To describe the evolution of the magnetization in the presence of inter-
actions, Bloch assumed that the relaxation of the different components of the
magnetization can be treated as 1st order processes with characteristic times
T1 and T2, respectively [12]. By making this assumption we can now write the
components of the equation of motion as follows:
dMx
dt

















2.3.1 What are the relaxation times T2 and T2*?
T2 and T2* are known as the spin-spin relaxation times. They describe
the coherence time for the moments in the plane perpendicular to ~B0. Over
time the moments begin to de-phase and lose coherence.
12
One mechanism for this type of decoherence is the energy exchange
between moments by conservative dipolar interactions, and is described by T2.
This implies that My′ decays with a time constant, T2.
Another mechanism for the decoherence of the moments is that, in
general, ~B0 is not perfectly homogeneous. This results in different nuclei pre-
cessing at different frequencies leading to the de-phasing of the moments. The
decay of My′ due to the combined effects of the energy exchange between
moments and the inhomogeneity of the external field is described by T2*.
Both mechanisms must be considered when describing the decoherence











Figure 2.6: a. B1 is applied along the x
′ direction for a time that corresponds
to a tilt angle of π/2. b. Then the magnetization rotates around z in the
x′−y′ plane until the magnetization in this plane is no longer coherent. Image
from [13]. c. Amplitude vs. Time plot. Image is from [13].
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Figure 2.7: T2* is determined by the
exponential decay of the signal.
T2* is found by measuring the
free induction decay (FID) of the mo-
ments. The FID is measured by ap-
plying a θ = π/2 pulse. This is done
by setting θ = π/2 in Equation 2.21
and determining the length of time
that the radio frequency pulse, ~B1,
should be applied (see Figure 2.6 a).
The resulting FID is a decaying sinu-
soidal function. This is a direct mea-
surement of My′ as it decays (see Figure 2.6 b). The signal amplitude vs. time
should be similar to that found in Figure 2.6 c. From the exponential decay,
one can determine T2∗ as shown in Figure 2.7.
T2 is found by using a Hahn spin echo pulse sequence: π/2, τ , π shown
in Figure 2.9. By doing this, the FID is observed at 2τ as shown in Figure
2.8. This is repeated for different values of τ . To calculate T2, one fits to
the exponentially decaying envelope created by the peaks of the free induction
decay.
14
Figure 2.8: T2 is determined by the exponential decay of the FID maxima
versus τ . Image from [14].
Figure 2.9: The Hahn spin echo experiment. (a) A π/2 pulse applied along
x′ at t = 0 causes ~M to tip to the y′ axis. (b) The individual moments, ~mi
dephase due to the inhomogeneity of ~B0. (c) A π pulse along x
′ at time τ
causes all of the moments, ~mi, to rotate π about the x
′ axis. (d) The faster
nuclei now go away from the observer, while the slower nuclei move toward
the observer. (e) At time τ the ~mi rephase along the -y’ axis. (f) At t > 2τ
the ~mi dephase again. From [12] 15
2.3.2 What is the relaxation time T1?
T1 is known as the spin-lattice relaxation time. This type of relaxation
is due to moments exchanging energy with their surroundings. The result of
this relaxation is that Mz relaxes back to the equilibrium value of M0 with the
time constant, T1. By measuring T1 for nuclei, one can study the interactions
resulting from electron paramagnetism. In metals, measuring T1 describes
the relaxation of nuclei by conduction electrons and by electron paramagnetic
moments. T1 can also be used to extract details of motion modulated dipole
interactions.
T1 is calculated by integrating the z-component of the equation of mo-
tion of the magnetization, Equation 2.26, to get:
Mz = M0(1− 2e−(t/T1)) (2.28)
T1 is measured by using the pulse sequence: π, τ , π/2 shown in Figure 2.10 a.
This is done for various values of τ and the maximum of the free in-
duction decay is plotted as a function of τ resulting in a plot similar to that
in Figure 2.10 b. One can then fit the data to Equation 2.28 and extract the
value of T1.
2.4 Nuclear Magnetic Resonance Experimental Set-Up
Nuclear Magnetic Resonance experiments are conducted by placing a
sample inside of a radio-frequency-magnetic-field-producing coil (Figure 2.11).
This sample and coil system is then placed inside of a large external magnetic
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Figure 2.10: T1 is determined by applying the pulse sequence shown if Figure
8 a. (π, τ , π/2) and then by plotting the FID maxima versus τ as shown in
Figure 8b.
field, B0 (Figure 2.12). It is placed inside of B0 and oriented so that the field
produced by B1 is perpendicular to B0.
Figure 2.11: Sample is placed
inside of the coil that produces
the radio frequency magnetic
field, B1.
A more detailed schematic of a con-
ventional NMR experiment is shown in Fig-
ure 2.13.
2.4.1 NMR Signal To Noise Ratio
One of the main motivators for NM-
RFM comes from the limits encountered by
conventional NMR when it comes to the sig-
nal to noise ratio. In both NMR and NM-
RFM experiments one can use the general expression found by Rugar et al.
for the signal to noise ratio (SNR) [15]:
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Figure 2.12: a. The magnetization of the sample along B0. b. The magneti-











and km is considered a generalized “magnetic” spring constant. In the case for





where L is the inductance of the coil and Bi is the field produced inside of the





Figure 2.13: Schematic of NMR experiment.
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where n is the number of turns of the coil and d is the diameter of the coil.
This tells us that ultimately the SNR limit in conventional NMR is primarily
due to the physical characteristics of the coil.
2.5 Nuclear Magnetic Resonance Force Microscopy (NM-
RFM)
NMRFM is a technique that couples the force created by an oscillating
nuclear magnetization to a mechanical micro-oscillator through a field gra-
dient. This is an NMR experiment that uses a mechanical micro-oscillator,
similar to the cantilevers used in atomic force microscopy (AFM), as its detec-
tion mechanism rather than an inductive coil. This allows for the detection of
a much smaller force since the sensitivity of a mechanical cantilever is much
greater than than that of a coil.
The idea is to consider the force on the moment:
~F = ( ~M · ~∇) ~B. (2.33)





Now, we can tilt the spins onto the x′ − y′ plane, and they will precess at a
frequency ωrf about the x
′ axis. If there is a magnetic field gradient present,
the precessing magnetization will create an oscillating magnetic force at a
frequency of ωrf .
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But how can we couple to this oscillating force using the mechanical
cantilever when ωrf is on the order of MHz, but mechanical cantilevers have
resonant frequency typically in the kHz range? Note that a harmonic oscilla-






The best way to couple the oscillating force is by making the time-dependence
of the magnetization equal to that of the resonant frequency of the mechanical
cantilever. In doing this, the force oscillates at the resonant frequency of
mechanical cantilever as well, creating a driving force exactly at the cantilever’s
resonant frequency, and allowing the oscillator’s amplitude to be amplified by





where k is the cantilever’s spring constant, kB is the Boltzmann constant, T is
the temperature in Kelvin, Q is the quality factor of the cantilever, and ωosc
is the resonant frequency of the cantilever.
2.5.1 Modulation
Selecting the correct frequency for the magnetization’s time dependence
is done by using Sidle’s modulation technique [17]. This can be accomplished
by modulating the rf field such that ~Beff has an oscillating z component. To
do this we modulate the frequency of the rf field:
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ωrf(t) = ω0 +∆ω(t), (2.37)
where ∆ω(t) is the frequency modulation function. Now consider the resonant
case when ω0 = γB0 ⇒ ωrf(t) = γB0+∆ω(t). This results in an effective field
described by:








To determine ∆ω(t) we use the a priori knowledge that we want Mz to
oscillate in the x′ − z plane so that the force will do so as well. To accomplish
this, we make the effective magnetic field, ~Beff , oscillate in the x
′ − z plane,
since the magnetization, ~M , couples to ~Beff , if the direction of the magnetic
field changes adiabatically. To do this, we set
∆ω(t) = Ω cos(ωosc(t)), (2.39)
where ωosc is the resonant frequency of the mechanical cantilever. This results
in ~Beff having a time-dependence similar to that shown in Figure 2.14.
Recall that the magnetization will only follow the effective field if ~Beff
changes direction slowly compared to the Larmor frequency of the nucleus.






Figure 2.14: ~Beff at three different times.
If the adiabatic condition is met, the magnetization, ~M , will couple to ~Beff ,






By doing this, we are now driving the cantilever with a force at its resonant
frequency and amplifying its motion by a factor of Q. This allows us to
detect the force from the magnetization of the sample with the sensitivity of
a mechanical oscillator.
When the adiabatic condition is met, the time-dependent expression
for the magnetization can be found by replacing B0 in Equation 2.9 by the







Mz(0) is χ0 by Curie’s Law (Equation 2.11).
2.5.2 Nuclear Magnetic Resonance Force Microscopy Basic Exper-
imental Set-Up
Figure 2.15: NMRFM magnet on can-
tilever experimental set-up.
An NMRM experiment in-
cludes some of the same basic struc-
ture as a conventional NMR exper-
imental set-up. For example, there
is a large external magnetic field, ~B0
and a coil to produce a radio fre-
quency field, ~B1, perpendicular to
the external magnetic field. However,
it also includes some added parts.
These are a gradient producing mag-
net, a mechanical cantilever, and an
interferometer used to detect the de-
flection of the cantilever. There are
two geometries possible in an NM-
RFM experiment. One is the magnet
on oscillator configuration as shown
if Figure 2.15. The other is the sample on oscillator configuration shown in
Figure 2.16. These images only show the basic NMRFM experimental set-up.
A detailed description of an NMRFM experiment will be presented in the next
chapter.
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2.5.3 NMRFM Signal To Noise Ratio
Figure 2.16: NMRFM sample on cantilever ex-
perimental set-up.
To find the signal-to-
noise ratio (SNR) in the case
of NMRFM we can go back to
the general expression found
by Rugar et al. (Equation
2.29). However, Q is now the
quality factor of the mechan-
ical cantilever and one must



















This expression tells us that the limit in SNR, for the case of NMRFM, is





3.1 NMRFM Schematic Details
Figures 3.1 and 3.2 show the schematic of an NMRFM experiment. One
can see the similarities between this schematic and the one for conventional
NMR shown in Figure 2.13. One can also see some major difference, the main
ones being the frequency modulation in the NMRFM pulse side and most of
the detection mechanism in the detection side shown in Figure 3.2. I will now
explain each part of the experiment individually.
3.2 The NMRFM Pulse
3.2.1 The Pulse Box
Figure 3.1 shows how the pulses for an NMRFM experiment are gen-
erated. You start with a radio frequency signal and then that is gated into
pulses of different lengths. The way this is done in this experiment is by first
creating the pulses necessary for a specific experiment. For example, if we are
interested in looking for T2*, then we would want a π/2 pulse.
For this experiment I have built a pulse programmer. The pulse pro-
grammer can generate up to three square pulses. There is an on/off switch for
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each of the pulses. If the user is only interested in one pulse then they should
turn off pulses two and three. It is up to the the user to check the pulses
from the pulse box and make sure that they are the appropriate length. This
can be done by connecting the output from the box into an oscilloscope or a
Nicolet. The details of how pulses are generated by this pulse box are given
in the circuit diagram shown in Figure 3.3.
3.2.2 RF Decay to Resonance and Modulation
In chapter 2 Section 5 Subsection 1, I discussed that the frequency
modulation of the radio frequency signal needed to be done adiabatically. I did
not, however, describe how this is done. To do this, I have a modulation box
that is responsible for two things, creating a signal with a smooth exponential
decay and a signal that oscillates at the resonant frequency of the cantilever.
These are then added. This box creates an exponentially decaying signal with
a time constant, τ = RC [18]. This signal allows for the smooth decay in
frequency from far away to the Larmor frequency or radio frequency necessary
to meet the adiabatic condition. When the sinusoidal signal will be allowed
through depends on the settings chosen on the modulation box. The output
from this box will then be put into the dc coupled radio frequency modulation
connection of the HP8640B radio frequency signal generator. This allows for
the modulation of the radio frequency signal at the resonant frequency of the
cantilever, provided that the user sets the input frequency correctly. The
modulation box details are shown in Figure 3.4. An example of the output of
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Figure 3.1: Schematic of NMRFM Experiment
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Figure 3.2: Schematic of NMRFM Experiment
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Figure 3.3: Pulse Box Circuit Diagram
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the pulse programmer along with the output of the modulation box is given
in Figure 3.5
Figure 3.4: Modulation Box Circuit Diagram
3.2.3 Radio Frequency Signal Generator
The HP8640B radio frequency signal generator is used to produce the
radio frequency signal and to allow for its modulation at the resonant frequency
of the cantilever. The signal out of the HP 8640B may be viewed through a
spectrum analyzer (Figure 3.7 )with the center frequency set to that of the
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Figure 3.5: The purple curve is the output from the pulse programmer and the
pink curve is the output from the modulation box. The modulation shown is
at a frequency of 1607Hz because this corresponds to the resonant frequency
of a cantilever.
radio frequency signal. This is shown in Figure 3.8. After the output from the
modulation box is sent to the dc coupled radio frequency modulation input of
the HP8640B rf signal generator one can look at the output and one see that
now the signal is not just one peak at the radio frequency, but it is spread
out over frequencies, where the width of these frequencies corresponds to the
amplitude of the frequency modulation, typically around 100kHz for 1H. This
output is shown in Figure 3.9.
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Figure 3.6: This is a picture of the pulse programmer electronics box. It is in
black. The modulation box is below it.
3.2.4 The RF Gate
Once the pulses have been created, they are then routed through some
transistors. The details are given in the RF circuit diagram shown in Figure
3.10. This is the step just prior to them going through the RF gate. The
datasheets for components in this circuit are shown in Appendix B.
The outputs from this board go into the control inputs of the Mini-
Circuits ZFSWHA-1-2C RF gate. The data sheet for the Mini-Circuits ZFSWHA-
1-2C RF gate is shown in Figure B.5. The now modulated RF signal from the
HP radio frequency signal generator goes into the RF In connection of the
Mini-Circuits RF gate. The output from the RF gate is now a modulated
radio frequency signal that is pulsed. This signal may also be viewed on a
spectrum analyzer with the center frequency set to that of the radio frequency
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Figure 3.7: Agilent 4402B Spectrum Analyzer
signal. The result should be similar to the output directly out of the HP
8640B, only now it is not always on. It should be on and off depending on the

















Figure 3.8: This plot shows the 42.58 MHz signal coming from the HP8640B
rf signal generator.
3.2.5 The Tank Circuit
Figure 3.11: Ceramic
Variable Capacitor
As in conventional NMR, a tank circuit is used
to produce the radio frequency magnetic field, B1.
A cartoon of the tank circuit is shown in Figures
3.1 and 3.2. It consists of two variable capacitors
and a coil and should be tuned to 50 Ω. This is
done by viewing the impedance of the tank circuit
on a smith chart on an HP 8753A Network Analyzer
(Figure 3.12). The impedance is adjusted by chang-
ing the value of variable capacitors. The capacitors
used must be non-magnetic, so we use ceramic vari-
able capacitors. Figure 3.11 shows a picture of the
capacitors used, and specifications are shown in Fig-

















Figure 3.9: This plot shows the 42.58 MHz signal coming from the HP8640B rf
signal generator when it has been modulated at 1607Hz. 1607Hz corresponds
to the resonant frequency of the cantilever.
copper wire. It is s approximately .075” in diameter




The signal that we measure comes entirely
from the interferometer, so this is a very important
part of the experimental set-up. The two most im-
portant things to maximize the signal from the inter-
ferometer are the cleave and the alignment between
the fiber optic and the cantilever.
The interferometer is based on measuring the
constructive and destructive interference of the laser
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Figure 3.10: RF Board Circuit Diagram
light that is reflected from the glass/air boundary and the laser light that trav-
els farther to the oscillator, and is then reflected. This is done experimentally
by using a laser diode to produce 1510 nm laser light. From the diode the
laser light goes through an optical fiber into a directional coupler which splits
the beam into two.
One beam is now has 10% of the original intensity and the other is
90%Ṫhe beam that has 90% of the original intensity is sent through one optical
fiber and is discarded by creating a “bad” cleave at the end of this fiber. A
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Figure 3.12: HP 8753 Network Analyzer
“bad” cleave is one at a large angle, so that little or no light is reflected.
The other beam is sent through a second optical fiber and through a “good”,
or nearly perpendicular, cleave. From the end of the fiber (at the “good”
cleave) the light travels through vacuum and hits the cantilever. The light is
then reflected from the oscillator and returns back into and through the same
optical fiber. Recall that the behavior of the light beam can be represented
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(3.1)
The incident (unprimed), refracted (primed), and reflected (doubly primed)
rays and the angle at the boundary are shown in Figure 3.15
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Figure 3.13: Ceramic Variable Capacitor Data Sheet
Figure 3.15: Incident Refracted and
Reflected Rays
The cleave is considered “good”
if approximately 4% of the light is re-
flected at the fiber/vacuum bound-
ary. This can easily be shown by
considering the Fresnel equations for















Recall that in our case, the indices of refraction are those of glass,
since the fiber is made of glass with n ≈ 1.52, and vacuum with n′ ≈ 1
⇒ E′′
E
= (1− 1.52)/(1 + 1.52) = −0.52/2.52 ⇒ I ′′/I = (E ′′/E)2 = 4% as
above.
The interference occurs between the light that has been reflected at the
glass/vacuum boundary and that light that has traveled farther to the oscilla-
tor and is then reflected as shown in Figure 3.18. Both of these reflected beams
then travel back through the directional coupler and are sent to a photodiode.
The photodiode converts this laser light signal into a current. This current is
then passed through a current-to-voltage converter and amplifier.
The signal that is outputted from the current-to-voltage converter is
then measured with a voltmeter. The intensity of the signal at the photo
diode depends on the relationship between the phases of the two interfering
beams. The two reflected beams produce a standing wave that has an intensity,
Idiode which is proportional to A
2, where A is the amplitude of the standing
wave [20] [21]). Therefore:




The difference in the path length traveled by the laser light is equal
to 2d, where d is the distance between the cleaved surface and the oscillator,
since the light travels to the oscillator and back.
40
If the oscillator is not being driven, then d remains constant. This
implies that the photo diode has a dc output current. However, if the oscillator
is driven, the phase will depend on time because of the sinusoidally varying
amplitude of the oscillator. If this is the case, then a sinusoidal current will be
output from the photo diode along with the corresponding dc signal. Idiode =
Idc + Iac. The ac current, Iac, is detected with a lock-in amplifier. If the fiber
is fixed, and the oscillator oscillates with an amplitude x0 then the change of
A1 and A2 due to the oscillation can be neglected, so therefore:















In order to have the best signal-to-noise ratio the ac signal should be at a
maximum. This is possible when the fiber is positioned at one of the linear
sides (steepest position) of the interference fringes. This implies that d should
be chosen so that there is a maximum change in cos(∆(t, d)). Since the am-
plitude of oscillation, xo, is usually much smaller than one wavelength, λ, and
























Thus the ac part of the interference intensity varies in direct proportion to the
position.
3.3.2 Cleaving The Fiber
In order to measure the constructive and destructive interference with
the interferometer we must first achieve a “good” cleave. Recall that we need
a good cleave in order to reflect 4 % of the light at the fiber/vacuum boundary.
The fiber optic pigtail runs down the probe inside of teflon tubing.
The pigtail consists of the fiber optic glass core coated by a thin plastic skin.
This thin plastic layer is removed by placing the fiber in acetone for a few
minutes and then grabbing the plastic coating with some tweezers and pulling
it off. Now, the fiber core is completely exposed and ready to be cleaved. This
cleaving step taken to expose the fiber is not done until after the fiber is passed
through a stainless steel hypodermic tubing, which is used to hold the fiber
in place. If it was done afterwards, then the fiber core could be damaged or
broken while trying to get it through the tubing. The fiber running through
the stainless steel tubing is shown if Figure 3.16
The cleaving of the fiber core is done with a special cleaving tool. The
fiber is placed in a slot, and then the top of the cleaver, which has a ceramic
blade, is pressed down to score the fiber. Once this scoring has been made,
you take the fiber out of the cleaver, take some tweezers and hold the very end
of the fiber between them. Now, you break off the end of the fiber by bending
it with the tweezers. It feels like a little snap. In theory, you should now have
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Figure 3.16: Stainless Steel Tubing
a good cleave, but you have to make sure it is “good”. If the cleave is not
“good”, you must repeat the cleaving of the fiber core until it is.
Determining whether or not the cleave is “good” is a little tricky. To
check if the cleave is ”good” we measure what the output signal is without
having the light be reflected by anything other than at the glass/air boundary.
Note that this is done before the laser is placed in the vacuum where the
oscillator is mounted. This has to be done before anything else because it
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is important that the cleave be “good”, so that the reflected signal is large
enough to make a measurement. So to make this check we begin by making
a prediction of what the output voltage value of the photodetector should be.
To do so we make a calculation which includes a predicted power output value
after the beam is split, and that accounts for the gain of the photodetector
circuitry. The calculation goes as follows: First, we know the power of the
laser before the beam is passed through the directional coupler/beam splitter
by looking at the specifications of the laser; it is approximately 1000 µW ∼ 1
milliwatt. The power of the laser (photodiode) can be double checked by using
a home made laser power meter. Even though this is not the most accurate
method of measuring power, it helps to make sure that the laser diode is
working properly. Note that the laser diode is very sensitive and that the can
should not be pulled out from its socket.
From the laser diode, about 20% of the laser power is typically coupled
into the fiber. The laser light then passes through a directional coupler and
a beam splitter that divides the power into 10% and 90%, i.e. a 10/90 beam
splitter. Thus the laser power that reaches the end of the fiber, after the beam
has been split, should be about 2% of the initial power value. We can use the
home made laser power meter again to measure the power of the laser after the
beam has been split. We found this power to be approximately 20 µW at the
“good” cleave end. After the beam is split the light reflected at the glass/air
boundary is returned through the fiber and is sent to the photodetector. If
the cleave is “good one can assume that about 4% of the light is reflected; 20
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µW ×.04 = 0.8 µW in my case.
After this reflection occurs, the light travels back through the beam
splitter, so now we must divide the reflected power by 10. In my case, I now
have a 0.8 µW / 10 = 0.08 µW signal that has made it to the photodetector.
The photodetector now converts this power into a current, its specifications
indicate a conversion of 0.3A/W, so my signal becomes 0.08 µW ×0.3A/W =
0.024 µA. The signal is passed through a current-to-voltage converter which
converts the current into a voltage and also amplifies the signal. The photode-
tector circuitry uses a resistance of 83 kΩ for the current-to-voltage converter
plus an additional gain 100 amplifier. Thus an estimate of the output voltage
of the photodetector is obtained by multiplying the current by .83× 107 Ω/A.
This corresponds to a 0.024 µ A ×1.667 × 107 Ω/A ∼ .2V signal in my case.
So for a “good cleave I expect a signal from the photodetector circuitry (i.e.
the output signal) that is approximately .2V. If the output signal is much less
than that then re-cleaving the fiber is necessary. This ∼ .2V output value that
we read is called the fiber-only DC level.
3.3.3 Alignment
Once a good cleave has been established we then need to align the fiber
with the cantilever. The alignment needs to be done with care so that the fiber
does not crash into the cantilever. Crashing into the cantilever may result in
the destruction of the “good” cleave as well as in the damage of the cantilever.
In order to align the fiber with the cantilever, we have to use a micro-
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translational stage that can be adjusted in three dimensions. A picture of
the mechanical x − y − z stage is shown in Figure 3.17. Only one stage is
necessary, and either the fiber or the oscillator can be mounted on the micro-
translator in order to make the necessary adjustments. One could also have
both the fiber and the oscillator mounted on a translator so that both can
be adjusted simultaneously. Recall that what we are measuring here is the
interference between the light that is reflected at the fiber/air boundary and
that light which travels to the oscillator and is then reflected. The DC level
of the output signal helps determine if the fiber is aligned. We know what
the DC level should be for a good cleave if there is no light reflected other
than the light that is reflected at the glass/air boundary. Now, if there is light
that is reflected from the oscillator, the DC level should change depending on
how much more light is being sent back through the fiber and whether there is
constructive or destructive interference. To maximize the amount of light that
makes it back through the fiber after having been reflected by the oscillator,
the fiber should be placed very close to the oscillator. The laser light spreads
with distance with approximately an 8 % divergence, so we want to make sure
that we reflect as much of the light as we possibly can so that the signal we
read is as large as possible. This implies that the fiber needs to be within
approximately 10 µm. We look through a microscope as we are aligning the
laser to check if the laser beam is on the oscillator. A good reference for
checking if the fiber is close enough to the oscillator by sight is if the distance
between the fiber and the oscillator is appreciably smaller than diameter of
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the fiber, 100 µm. To verify the alignment, we measure the size of the fringe
by adjusting the piezo voltage. The fiber is mounted onto a piezo whose size
can be adjusted by changing the voltage applied to it. By changing the voltage
across the piezo, the distance between the laser and the oscillator is decreased
or increased resulting in either constructive or destructive interference of the
light that is reflected at the glass/air boundary and the light that is reflected
at the oscillator. I found that a fringe of approximately 3 volts peak-to-peak
was the best that I could usually get. Note that each peak-to-peak voltage
change corresponds to the oscillator moving λ/4.
3.3.4 Feedback by the Fringe-Lock Circuit
Once the alignment has been made, we can now apply a dc voltage
to the z piezo and change d as shown in Figure 3.18. As d changes, we go
through an interference fringe and see the DC level measurement from the
interferometer increase and decrease. The electronics used to go through a
fringe is the fringe-lock circuit. A circuit diagram is given in Figure 3.19. It
not only allows the option to go through a fringe by applying -15V to +15V to
the P - (white) lead of the piezo, but it also permits the capability of locking
on a specific voltage of the fringe.
In order to find the resonant frequency of the cantilever we must do
a driven scan. During a driven scan, we would like to remain on the same
point of the fringe. Particularly, we want to remain on the linear portion of
the fringe so that the measured intensity changes will be directly proportional
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Figure 3.17: Mechanical x− y − z Stage
to the position. This is nearly impossible to accomplish since there are many
fluctuations occurring. However, remaining along the linear part of the fringe
can be done by using the fringe-lock circuit. The fringe-lock circuit P+ and
P- are connected directly to the stack piezo. This implies that the length of
the piezo is controlled directly by the fringe-lock circuit. The fiber is directly
mounted onto the piezo, and therefore the fringe positioning is also controlled
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by the fringe-lock circuit. The fringe-lock circuit works by manually setting the
DC level of the middle of the fringe, and then the fringe-lock circuit maintains
it at that level. The output of the photodetector is directly imputed into the
fringe-lock circuit and it adjusts P- so that the length of the piezo is such that
the position of the oscillator remains in the linear part of the fringe.
Figure 3.18: Here one can see the interference of the laser light that reflects
at the glass/vacuum boundary and the light that travels to the cantilever
and then back. The interference occurs when as voltage is applied to the z
piezo since this determines the distance, d, between the cantilever and the
interferometer.
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Figure 3.19: Fringe-Lock Circuit Diagram
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Chapter 4
NMRFM Experiment and Results
4.1 La Flaca
La Flaca is what I named the room-temperature NMRFM probe that
I inherited from Utkur Mirsaidov. A picture of the probe is found in Figure
4.1. It is a nice probe with a mechanical x−y− z stainless steel stage used for
positioning the cantilever with respect to the fiber. In this image one can see
most of the parts necessary to conduct an NMRFM experiment. Not visible
in this picture are the ceramic variable capacitors necessary to tune the tank
circuit. They are located at the bottom of the probe as shown in Figure 4.2.
In the process of preparing to conduct an experiment using this probe
I broke almost every single part. I eventually replaced the z feedback piezo,
ball magnet, coil, capacitors, and fiber. I also had to re-build the fringe-lock
circuit, the pulse programmer, and the modulation electronics. Once I was
ready to put a sample in the probe it came time to decide what to analyze.
We decided to analyze ammonium hexafluorophosphate, NH4PF6.
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Figure 4.1: This is a general view of the probe that I inherited from Utkur.
4.2 Ammonium Hexafluorophosphate, NH4PF6
Ammonium hexafluorophosphate is a sample with a high concentra-
tion of hydrogen and fluorine. Both of these elements have magnetic moments
large enough to detect by using nuclear magnetic resonance techniques and are
therefore excellent candidates for analysis by nuclear magnetic resonance force
microscopy. A cartoon of NH4PF6 is shown in Figure 4.3. The gyromagnetic
ratio of hydrogen, γH, is 42.58 MHz/Tesla and the gyromagnetic ratio of flu-
orine, γF , is 40.06 MHz/Tesla. From these values along with the selection of
the rf frequency to 42.58 MHz and the calculation of the field gradient from
the iron ball magnet at the sample location, we can calculate the expected
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resonant field for a particular element. An illustration of the magnetic fields
at the sample is shown in Figure 4.4. For the case of my experiment I was able
to estimate Bz(d) to be 0.22 T from the analysis made by Utkur [18] shown
in Figure 4.5.
Now I was able to make an approximation of the value of the field
necessary to satisfy the resonant condition for both hydrogen and fluorine. In
the case of hydrogen, where ωrf = 42.58 MHz, γH = 42.58 MHz/T, and Bz(d)
= 0.22 T, I found:
ωrf = γH(HH − Bz(d)), (4.1)
which implies that
HH = 1.22 T. (4.2)
In the case of fluorine, where ωrf = 42.58 MHz, γF = 40.06 MHz/T,
and Bz(d) = 0.22 T, I found:
ωrf = γF (HF − Bz(d)), (4.3)
which implies that
HF = 1.284 T. (4.4)
So under these conditions I would expect to see a peak in the response of the
cantilever at 1.22 T for hydrogen and then at 1.284 T for fluorine.
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4.3 NMRFMExperimental Set-Up for Ammonium Hex-
afluorophosphate
The experimental set-up for the analysis of ammonium hexafluorophos-
phate is shown in Figure 4.6. In Figure 4.6 (c) one can see how the optical
fiber and the mechanical cantilever need to be aligned in order to get a signal.
In this image one can also see the coil used to produce the radio frequency
field, ~B1, the iron spherical magnet used to create a magnetic field gradient in
the sample, and the sample mounted directly on the cantilever.
The most difficult parts of getting the experiment to this point are
mounting the sample on the cantilever, making sure that the fiber cleave re-
mains intact as it is installed through the rf coil, and (the most difficult part)
maintaining alignment of the fiber with the cantilever as you sweep the mag-
netic field.
Mounting the sample is done carefully by using a piece of an optical
fiber that is mounted on an x − y − z stage. Under the microscope you first
attach a small amount of silver epoxy to the cantilever. Then you place some
sample on the silver epoxy. The epoxy can then be cured. Once the sample is
mounted to the cantilever you place the cantilever in the clamp on the x−y−z
stage and align.
The next part is putting the probe in the big red electromagnet, El
Gordo. Detailed instructions for powering up the big red magnet can be found
in Appendix C. After moving the probe into the magnet the alignment will
most likely be off, so be prepared to re-align. Once the probe is in the magnet
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and aligned the vacuum can must be put on and the probe should be evacuated.
Keep your fingers crossed that pumping does not also lead to misalignment
of the fiber with the cantilever. Now once the probe is aligned in the magnet
and evacuated we can begin.
4.4 NMRFMAmmonium Hexafluorophosphate Scan Re-
sults
I first found the resonant frequency of the cantilever with the mounted
sample by driving the cantilever at an average position that has been locked
on the linear part of the interference fringe. Figures 4.7 and 4.8 show plots of
driven scans using different driving amplitudes. This should be done just prior
to doing an experiment because this resonance frequency needs to be accurate
in the modulation of the radio frequency pulse. If the radio frequency pulse is
not modulated at the correct frequency then our cantilever will not respond
to it and we will not be able to collect any signal.
The response of the cantilever fits a Lorentzian. Please note that this is
actually the square root of the sum of the squares of each phase of the signal.
The driven scan response of each phase is shown in Figure 4.9.
Now that the resonant frequency is known, a signal with this frequency
is sent to the modulation box as shown in Figure 3.1. I also set the length of
the rf pulse to 150 ms. The output from the modulation box is similar to that
shown in Figure 3.5. The output from the modulation box will then be sent
the dc coupled radio frequency modulation input of the HP8640B rf signal
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generator to create the modulated rf pulse. Now the modulated rf signal will
be passed through the rf gate so that it is pulsed. From the gate it goes to the
40 dB amplifier and then to the tank circuit. Remember that the tank circuit
needs to be tuned to 50 Ω as is explained in Chapter 3, Section 2, Subsection
5 before sending a signal to it.
I sent a pulse once every 10 s and measured the cantilever response with
an SRS830 Lock-In Amplifier. The cantilever’s response in the absense of an
NMR force to the pulse is known as the artifact effect and I call the curve
measured an artifact. I collected the data from the lock-in with a Nicolet.
Artifact data was averaged and collected as I swept the field. A set of artifact
curves are shown in Figure 4.10. Each curve corresponds to a specific phase
of the signal.
As shown in Equations 4.2 and 4.2, I had already calculated where I
expected to see the resonance peaks for hydrogen and fluorine so I started the
field sweep at 1.16 T, well below the expected resonant value for hydrogen and
ended it at 1.325 T, well above the expected resonant value for fluorine.
So for each field I collected artifact data. For example, the artifacts
shown in Figure 4.11 are for a field of 11.60 T and for 11.65 T. Each one has
a slightly different minimum.
In a given field sweep, I collected over a hundred sets of data since
I took a measurement every 10 Gauss. The data was transferred from the
Nicolet to a computer using IgorPro. Once the files were imported, I wrote
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a program in IgorPro that found the minimum and maximum value of each
artifact. This program is shown in Figure 4.12.
This program then writes the value found to a new array. Figure 4.13
shows a partial table of the minima and maxima found for each artifact.
From here I plotted the values of the maxima vs the applied field as
shown in Figure 4.14. The values of the maxima here were not normalized
with respect to the size of the fringe, so I then normalized the data by dividing
the maxima by the fringe size as shown in Figure 4.16
The result is shown in Figure 4.15. In this data one can see two peaks.
The first most likely corresponds to the hydrogen resonance. The second may
correspond to fluorine.
4.5 Probe Limitations
Although this probe was functional, it was not user friendly. The main
drawbacks to it were the mechanical positioning stage used for the alignment
of the cantilever with the fiber. For example, in moving the the probe from
outside of the magnet to inside of the magnet, the alignment would be lost and
it would need to be re-aligned. Also, as the magnetic field was swept, there
would be some slight shifting of the components and the alignment would also
be lost. Many times during a field sweep, I had to break vacuum to re-align
and then continue. This made conducting an experiment very challenging.
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Figure 4.2: These are the variable capacitors that have been mounted at the
bottom of this probe.
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Figure 4.3: This is a ball and stick figure of ammonium hexafluorophosphate.
Figure 4.4: Here one can see that B0 and the field from the iron ball magnet
are in opposite directions and must subtract.
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Figure 4.5: In this plot we can see what the value is of the magnetic field vs.
the distance the sample is from the magnet. From [18].
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Figure 4.6: (a) Mechanical stage used for aligning the cantilever to the fiber in
this room-temperature NMRFM probe. (b) A zoomed in picture of the fiber






























 Driven Amplitude 0.2 Vrms
 Driven Amplitude 0.1 Vrms
 Driven Amplitude 0.05 Vrms
Figure 4.7: Driven scans of the cantilever with the ammonium hexafluorophos-
phate sample mounted. It has a resonant frequency of approximately 1607 Hz

















Figure 4.8: These are also driven scans of the cantilever with the ammonium
hexafluorophosphate sample mounted. These were taken on a different day.
We see that the cantilever still has a resonant frequency of approximately 1607




























Figure 4.10: This shows the x and y components of the artifact.
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Figure 4.11: Artifacts for different magnetic field values.
Figure 4.12: This is the Igor Pro program that finds the maximum for each
artifact data set.
64



























Figure 4.15: This is a plot of the maxima normalized by dividing according to
the fringe size. Dividing by the fringe size makes the data directly proportional
to the cantilever displacement. There are two peaks.
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New Room Temperature NMRFM Probe
5.1 La Flaca II
Due to the alignment issues that I had with the probe that I inherited
from Utkur, La Flaca, Dr. Markert decided that I should build a new probe.
I call it La Flaca II. This probe is modeled after Yong Lee’s probe [25]. The
main difference between La Flaca and the new probe is that it incorporates
two three dimensional slip stick stages. One stage allows for remote alignment
of the fiber with the cantilever and the other allows for positioning of the
gradient magnet. By changing the position of the gradient magnet one can
move the resonant slice through the sample. This will allow for the analysis
of relaxation times spatially throughout the sample.
5.2 Tiny Slip-Stick Positioners
The first consideration for the probe was the design of the stages. This
was particularly important because this probe is designed to fit inside of the
lab’s electromagnet. The distance between the pole faces of this electromagnet
is only 1.5”, so the dimensions of the stages need to be even smaller than this.
A schematic of the probe design is shown in Figure 5.1. The design was done
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in SOLIDWORKS by an undergraduate, Daniel Curtis. Detailed drawings of
each component are found in Appendix D.
All of the stages are made of titanium to ensure that they are strong
but not magnetic. The plates onto which the stages mount are made of copper.
The rods onto which the copper plates mount with stainless steel set screws
are made of copper. The x and y direction components of the stages were of
particular importance because there is not much room for movement. Because
of this it was necessary to use piezos that are much shorter than any used
before in the lab. The titanium pieces were made to fit piezos with dimensions
of 2 mm × 3 mm × 5 mm. However the piezos that we purchased were 2 mm
× 3 mm × 5 mm except for they are coated with green insulating resin. In
order for them to fit in the titanium pieces, the resin had to be removed. The
resin is removed by soaking the piezo in acetone at least over night and then
slicing off the resin using a razor blade. Take care not to damage the red and
white leads because if they are pulled off the piezo will no longer work. Details
on the piezos can be found in Appendix E.
There are then graphite pieces attached to the piezos that allow for
the slip stick motion. The graphite pieces need to be cut into very precise
rectangular prisms so that they are just a little bit larger than the space
allowed in the clamp. The clamp needs to hold on to the graphite and not
directly to the other piece of the titanium in order for it to move.
The piezos and the graphite parts need to be attached with care to
ensure proper alignment of the stages. H77 black epoxy is used to attach the
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graphite bars and piezos together. Specifications for the H77 two part black
epoxy can be found in Appendix F.
There also need to be springs in between the head of the clamp screws
and the titanium to allow for the proper tension around the graphite. Make
sure to make or purchase springs that are not magnetic.
Once all of the graphite pieces have been epoxied and the stages are
assembled one must apply a sawtooth signal to the piezo to obtain the motion.
I will describe the electronics in detail in a later section.
The main problem to achieve motion in all directions is adjusting the
tension in the clamps accurately. I found that the best way to get motion from
the piezos was by applying an even amount of tension around the graphite.
To achieved this, I would tighten both screws on a given clamp. I would then
pull them apart and measure the amount that the clamp would separate on
each side. It turned out that if the amount that could be separated on each
side was the same then the stage would move. If you tighten one side of a
clamp much more than the other, then the stage will not move. Pictures of
the probe can be found in Figure 5.2.
5.3 Positioner Electronics
There are two things necessary to get the sawtooth waveform necessary
to drive the positioners. The first is a sawtooth waveform that has a very
sharp drop after it reaches its maximum. You also need to be able to produce
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a sawtooth that is always positive and that can have either a positive or a
negative slope. You also need to be able to control the amount of sawtooth
waves that are sent to the piezos for accurate stage control. The second thing
that is necessary is an amplifier that can amplify the sawtooth waveform to
60 V in order to drive the piezos.
The waveform is generated by LabView and is output from the com-
puter by a DAQ card. The DAQ model number is PXIe-6259 and a pinout
diagram is shown in Figure 5.3. The maximum voltage out by the DAQ card
is only 10 volts, so the sawtooth signal must be amplified in order to drive the
piezos.
OPA 549 operational amplifiers were used to amplify the voltage from
approximately 2 volts out from the DAQ card to having a variable amplitude
of up to 60 V. These amplifiers are only rated up to 60 volts as shown in Figure
5.4. There is an amplifier for each axis of motion of the stages. In total there
are six. Three for the stages that move the fiber and three for the stages that
move the magnet. The circuit diagram for the OPA 549 is given in Figure 5.5.
Wiring the amplifier circuitry proved to be a bit challenging because the pin
separation on this op amp was not the standard 0.1”. Instead the separation
between pins is 0.067” and so the amplifiers can not be mounted directly onto
a breadboard. As a way to work around this problem I etched a board that
functions as a reducer from 0.1” to 0.067”. To do this, I had to first make a
mask to use when developing a copper board that is covered in photoresist.
The details of the mask that I made is shown in Figure 5.6. The board is
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shown in Figure 5.7. While exposing the board to light, the mask should be
clamped to the board tightly so that light does not filter in between the board
and the mask. The end result is shown in Figure 5.8.
Currently, this probe has one fully functioning 3-D stage. This is cur-
rently being used to align the fiber to the cantilever. This is shown in Figure
5.9. Also, some characterization has been done in the z - direction. This is
shown in Figure 5.10, where the data depict the change in intensity as the
stage moves through several interference fringes. This data was collected by
measuring the voltage from the laser interferometer and the voltage applied to
the z piezo simultaneously with two voltmeters (Keithley 2700 and HP 3455A)
that have a GPIB (IEEE-488) interface with a LabView program.
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Figure 5.1: In this schematic one can see a complete overview of the new
probe.
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Figure 5.2: These are pictures of the assembled probe.
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Figure 5.3: This is a pinout of the PXIe-6259 DAQ card used.
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Figure 5.4: These are the OPA 549 specifications.
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Figure 5.5: This depicts the OPA 549 circuit diagram. Note that the V + is
60 V DC and the V - is grounded. This allows for the signal out to always be
positive.
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Figure 5.6: This depicts the mask that I used when etching the 0.1” to 0.067”
reducer board. Pins were soldered directly to the board on both ends. The
pins on the 0.1” end of the etched board were then mounted directly to a
breadboard and wired accordingly.
Figure 5.7: Depicted on the left is the board part number, an example of
the board that is coated with white plastic to prevent the exposure of the
underlying photoresist and a photoresist pen used for filling in any areas where
the photoresist was scratched. In the center there is the photoresist coated
board with a mask on top and a piece of plexiglass by its side. The plexiglass
clamped tightly over the mask is shown on the right.
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Figure 5.8: This picture shows the resulting etched OPA 549 boards in use.
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Figure 5.9: These are frames from a movie of the fiber moving.
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Figure 5.10: As we apply DC voltage to the piezo, it expands and changes the distance between the fiber






















Voltage Applied to Z Piezo (V)
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Chapter 6
Micro Magnet Coated Cantilevers
6.1 Permalloy Deposition and Masking
Using the electron beam evaporation chamber in the lab, we were able
to evaporate permalloy onto a very small area of several mechanical cantilevers.
The masking technique used is shown in Figure 6.1. The premise is pretty
straight forward, but in practice it is not trivial since cantilevers are quite
delicate and can easily be broken when trying to apply the mask and when
trying to remove it.
Figure 6.1: In this schematic one can see how the cantilevers were masked




We were successful in depositing magnetic material over a small area
of the cantilever by using this masking technique. Figure 6.2 shows an optical
image and a scanning electron microscopy (SEM) image of a coated cantilever.
Figure 6.2: Here we see an optical image of a permalloy coated cantilever on
the left. On the right is an SEM image of the same cantilever. It is clear from
the SEM image that there is a very discrete line where the deposition begins.
During any given evaporation, the amount of material deposited was
monitored by a deposition monitor. We also made sure to include a piece of
glass as a reference sample. With this reference we could also measure the
thickness by using atomic force microscopy (AFM). The thickness measured
was in good agreement with that of the deposition monitor. We were also
able to analyze this reference with a SQUID magnetometer and determine the
saturation magnetization. SQUID analysis is shown in Figure 6.3. From the
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saturation magnetization and the area of the sample we can calculate the a
magnetization density for the sample. Once this is known, we can then divide
it by the known saturation magnetization volume density of permalloy, 800
kA/m, to check if the thickness calculated agrees with the thickness measured.
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Figure 6.3: This is the SQUID data from the reference samples that were coated with permalloy alongside
the cantilevers. From this data one can calculate the net moment per area of a given sample.
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Chapter 7
Summary and Future Work
7.1 Summary
In summary, this dissertation expresses that the main motivation for a
microscopy form of nuclear magnetic resonance is that there is a limitation on
the resolution in conventional nuclear magnetic resonance that arises directly
from the experiment. In order to surpass these physical limitations one must
consider an alternative way of conducting NMR experiments. NMRFM offers
the capacity to achieve much higher resolution than conventional NMR and
should be further developed.
In Chapter 2, some basic theory behind conventional NMR was de-
scribed and the relaxation times that may be found experimentally along with
their physical meaning were discussed. A basic NMR experimental set-up was
also described in detail.
In Chapter 3, the foundation of NMRFM was explained and each part
of the experiment was discussed in great detail. Chapter 4 described an exist-
ing probe and the experimental procedures necessary to conduct an NMRFM
experiment.
Chapter 5 discussed the new room-temperature NMRFM probe and
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how it has been put together. Finally, Chapter 6 showed how we have been
able to deposit magnetic material over a small area of a mechanical cantilever.
These cantilevers will be used to conduct NMRFM in the magnet on oscillator
geometry.
7.2 Future Work
7.2.1 Analysis of Micro Magnet Coated Cantilevers
The first thing to analyze with the new probe are the permalloy coated
cantilevers. It has been shown that the resonant frequency of mechanical
cantilevers that are coated with a magnetic material will shift as an external
magnetic field is applied [22]. The data is shown in Figure 7.1.
Figure 7.1: These plots show the shift in resonant frequency of magnetically
coated cantilevers vs. the applied field [22].
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7.2.2 NMRFM Liquid Sample
Once the cantilevers have been characterized, then they can be used to
conduct an NMRFM experiment in the magnet-on-oscillator geometry. Since
the magnet is located directly on the cantilever, the sample can be mounted to
the second positioning stage. This would be a great opportunity to use a sam-
ple that could not be studied in the sample-on-cantilever geometry. A good
choice for a sample would be water since it has not yet been analyzed using NM-
RFM. One challenge for doing this type of experiment on a liquid is the method
for containing the liquid. I propose that a silicon nitride membrane window de-
vice be used to hold the liquid. Some examples of these silicon nitride windows
are shown in Figure 7.2. These are relatively inexpensive and readily available
from companies like NORCADA, http://www.norcada.com/products.php.
Figure 7.2: These are some images of silicon nitride membrane window devices
[23] and [24]. I propose that these be used for holding liquid samples in an
NMRFM experiment.
A schematic of the proposed experiment is shown in Figure 7.3. There
are some differences in this experimental set-up from the NMRFM experiments
typically done in our lab. The first is the use of a liquid sample. The second
and I think more complicated part is the use of a wire to produce the radio
frequency field, B1 perpendicular to B0. However, if it is more convenient, one
88
could continue to use a coil around the fiber as the method of producing B1.
A first goal would be to characterize otherwise-identical micro liquid samples
by their different NMR relaxation times, that is, to perform dynamical NMR
imaging using NMRFM.
Figure 7.3: This schematic describes how an NMRFM experiment could be





















Figure B.5: Mini-Circuits ZFSWHA-1-2C RF Gate Data Sheet
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Appendix C
Powering On The Big Red Electromagnet
C.1 Powering On Proceedure
To power on the electromagnet one must first turn on the magnet’s
cooling system which is a pump that runs water through the wire plates. This
switch is located on the bottom left of the top panel. Then you need to make
sure that water is flowing by checking that water is running out of the hose of
the magnet and into the drain. Once you are sure that water is flowing, then
you can turn the magnet on. To do so, you press the black button on the front
panel. You should hear a big clank that indicates that it is powered on.
There is a Gauss meter built into the magnet and that should be turned
on next. There are two switches behind the big plates. One is labeled heater
and the other is labeled Gauss meter. Both switches should be turned on.
On the panel below the one with the black ON button, which is labeled
electromagnet controller, there is a white on/off switch. This should now be
turned on.
To set the magnetic field you can use the black thumbwheels. These
are in Gauss. You should ramp the field slowly, being careful that the current
meter in this controller does not overload.
99
This magnet is quite old and its cooling system is not great. Make sure
to continuously touch the red plates checking for their temperature. If they
get hot, one should turn the thumbwheels to 0 Gauss, but leave the water
flowing to help cool the plates off.
C.2 Powering Off Procedure
When you are ready to turn off the magnet, first set the thumbwheels
back to 0 Gauss. Wait for the current meter to be at zero before turning off the
white switch on the electromagnet controller panel. Once the current meter is
at zero you can turn off the white switch and the Gauss meter switches in the
back. Then you can press the red off button on the top panel. If the plates
are still hot do not turn off the water pump. The water pump switch should
be the last thing to be turned off.
C.3 Post Power Surge Measures
In the case that turning on the magnet causes a power surge to the lab,
make everyone in the lab aware so that they may vent any pumps that have
been suddenly shut off. Also, be prepared to flip the brakers in the utility
corridor back on. To do so you must turn all of the brakers to the off position
first and then to the on position.
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Appendix D






Figure D.3: Plate onto which the stages mount.
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Figure D.4: Stage plate hole details.
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Figure D.5: Base of the z-clamp.
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Figure D.6: Part 1 of the z-clamp.
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Figure D.7: Part 2 of the z-clamp.
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Figure D.8: Base of the x and y clamp.
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Figure D.9: X and Y clamp drawing.
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Figure D.10: X and Y clamp and mount drawing.
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Figure D.11: Fiber mount drawing.
112
Figure D.12: Magnet mount drawing.
113
Figure D.13: Cantilever plate drawing.
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E.1 Plate Piezo Specifications
The plate piezo was ordered from EBL Products Inc. Their website
is: http://www.eblproducts.com/leadzirc.html and their telephone number is
860-290-3737. The part number is EBL #2. It is a flat disc with a 1 × 2.25
MHz resonance and a 0.035” thickness. The material type is silver.
E.2 Stack Piezo Specifications
The piezos were ordered online at http://www.bravoelectro.com/.
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Figure F.1: H77 Black epoxy datasheet.
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Figure F.2: H21D silver epoxy datasheet.
120
Bibliography
[1] E. M. Shapiro, S. Skrtic, K. Sharer, J. M. Hill, C. E. Dunbar, and A. P.
Koretsky, “MRI detection of single particles for cellular imaging,” Pro-
ceedings of the National Academy of Sciences of the United States of
America, vol. 101, no. 30, pp. 10901–10906, 2004.
[2] J. A. Sidles, “Noninductive detection of single-proton magnetic reso-
nance,” Applied Physics Letters, vol. 58, pp. 2854–2856, 1991.
[3] D. Rugar, R. Budakian, H. J. Mamin, and B. W. Chui, “Single spin detec-
tion by magnetic resonance force microscopy,” Nature, vol. 430, pp. 329–
332, 2004.
[4] C. L. Degen, M. Poggio, H. J. Mamin, C. Rettner, and D. Rugar, “Nanoscale
magnetic resonance imaging,” Proceedings of the National Academy of
Sciences of the United States of America, vol. 106, no. 5, pp. 1313–1317,
2008.
[5] D. J. Griffiths, Introduction to Electrodynamics. Prentice Hall, 3rd ed.,
1999.
[6] R. Resnick, D. Halliday, and K. S. Krane, Physics. Wiley, 4th ed., 1992.
[7] C. Kittel, Introduction to Solid State Physics. Wiley, 6th ed., 1986.
121
[8] D. J. Griffiths, Introduction to Quantum Mechanics. Prentice Hall, 1995.
[9] A. H. Carter, Classical and Statistical Thermodynamics. Prentice Hall,
2001.
[10] C. P. Slichter, Principles of Magnetic Resonance. Springer-Verlag, 2nd ed.,
1980.
[11] A. Abragam, The Principles of Nuclear Magnetism. Oxford University
Press, 1961.
[12] T. Farrar and E. Becker, Pulse and Fourier Transform NMR Introduction
to Theory and Methods. Academic Press, 1971.
[13] M. Puppephat.
[14] R. A. Pooley, “Fundamental physics of mr imaging,” RadioGraphics,
vol. 25, no. 4, pp. 1087–1099, 2005.
[15] J. A. Sidles and D. Rugar, “Signal-to-noise ratios in inductive and me-
chanical detection of magnetic resonance,” Physical Review Letters, vol. 70,
no. 22, pp. 3506–3509, 1993.
[16] N. Nestle, A. Schaff, and W. S. Veeman, “Mechanically detected nmr, an
evaluation of the applicability for chemical investigations,” Progress in
Nuclear Magnetic Resonance Spectroscopy, vol. 38, pp. 1–35, 2000.
122
[17] D. Rugar, O. Zuger, S. Hoen, C. S. Yannoni, and R. D. K. H.-M. Vi-
eth, “Force detection of nuclear magnetic resonance,” Science, vol. 264,
pp. 1560–1563, 1994.
[18] U. Mirsaidov, Nuclear Magnetic Resonance Force Microscopy of Ammo-
nium Dihydrogen Phosphate and Magnetism of Cobalt Nanocrystals. PhD
thesis, The University of Texas at Austin, 2005.
[19] J. D. Jackson, Classical Electrodynamics. Wiley, 3rd ed., 1999.
[20] H. A. Sommer, “Design and construction of a nuclear magnetic resonance
force microscope with special attention to micromechanical manipulations
and interferometry,” Master’s thesis, The University of Texas at Austin,
1995.
[21] C. R. Miers, “Design and construction of an nmr force microscope with
special attention to vacuum considerations and rf circuitry,” Master’s the-
sis, The University of Texas at Austin, 1995.
[22] C. W. Miller, U. M. Mirsaidov, T. C. Messina, and Y. J. Lee, “External
effects on the resonant frequency of magnetically capped oscillators for
magnetic resonance force microscopy,” Journal of Applied Physics, vol. 93,




[25] Y. J. Lee, Construction of a Low Temperature Nuclear Magnetic Reso-




Rosa Elia Cárdenas was born in Houston, TX. She is the youngest of
four siblings. After graduating from Business Careers High School in San An-
tonio, TX, she attended The University of Texas at Austin. After two years at
UT, she was awarded the Corporate Sponsored Scholarship from The Amer-
ican Physical Society, and the Gates Millennium Scholars scholarship award
from the Bill and Melinda Gates Foundation. In her third year at UT, she be-
gan working in Dr. Markert’s Magnetism and Superconductivity Lab. In her
last year she worked with Soyeun Park in Dr. Josef Kas’ Biophysics Lab. After
graduating with a Bachelor of Science degree in physics from The University
of Texas at Austin, she worked for a company in California. While working,
she applied to graduate school and was accepted. She began her graduate
work at The University of Texas at Austin, and re-joined Dr. Markert’s Mag-
netism and Superconductivity Lab. Two years later, she graduated from The
University of Texas at Austin with a Master of Arts degree in physics. She
then continued as a Ph.D. student to pursue the study of solid state crys-
talline samples using Nuclear Magnetic Resonance Force Microscopy. In one
summer, she was awarded an internship at Sematech where she worked for Dr.
Joseph Bennett using secondary ion mass spectrometry (SIMS) in the analysis
of semiconductor devices. She is graduating with her Ph.D. in physics in Au-
gust of 2011. After graduation she will begin a postdoctoral position at Sandia
125
National Lab in Livermore, California where she will build another NMRFM
microscope for the analysis of helium in metal.
Permanent address: 1211 W. Mistletoe Ave.
San Antonio, Texas 78201
This dissertation was typeset with LATEX
† by the author.
†LATEX is a document preparation system developed by Leslie Lamport as a special
version of Donald Knuth’s TEX Program.
126
